Improving digestibility of roughage cell walls will improve ruminant animal performance and reduce loss of nutrients to the environment. The main digestibility impediment for dicotyledonous plants is highly lignified secondary cell walls, notably in stem secondary xylem, which become almost non-digestible. Digestibility of grasses is slowed severely by lignification of most tissues, but these cell walls remain largely digestible. Cell wall lignification creates an access barrier to potentially digestible wall material by rumen bacteria if cells have not been physically ruptured. Traditional breeding has focused on increasing total dry matter digestibility rather than cell wall digestibility, which has resulted in minimal reductions in cell wall lignification. Brown midrib mutants in some annual grasses exhibit small reductions in lignin concentration and improved cell wall digestibility. Similarly, transgenic approaches down-regulating genes in monolignol synthesis have produced plants with reduced lignin content and improved cell wall digestibility. While major reductions in lignin concentration have been associated with poor plant fitness, smaller reductions in lignin provided measurable improvements in digestibility without significantly impacting agronomic fitness. Additional targets for genetic modification to enhance digestibility and improve roughages for use as biofuel feedstocks are discussed; including manipulating cell wall polysaccharide composition, novel lignin structures, reduced lignin/polysaccharide cross-linking, smaller lignin polymers, enhanced development of non-lignified tissues, and targeting specific cell types. Greater tissue specificity of transgene expression will be needed to maximize benefits while avoiding negative impacts on plant fitness.cauliflower mosiac virus (CaMV) 35S promoter Published by Elsevier Ireland Ltd. Abbreviations: 4CL, 4-coumarate:CoA ligase; ADL, acid detergent lignin; bm, brown midrib mutant; cam, cambium; CaMV 35S, cauliflower mosiac virus (CaMV) 35S promoter; C3H, coumarate 3-hydroxylase; C4H, cinnamate 4-hydroxylase; chl, chlorenchyma; col, collenchyma; CAD, cinnamyl alcohol dehydrogenase; CCoAOMT, caffeoylCoA-3-O-methyltransferase; CCR, cinnamoyl CoA reductase; COMT, caffeic acid-3-O-methyltransferase; epi, epidermis; F5H, ferulate 5-hydroxylase; fah1, F5H-deficient mutant; gh1, golden hull and internode mutant; HCT, hydroxycinnamoyl CoA-shikimate/quinate transferase; IVDMD, in vitro dry matter disappearance; NDF, neutral detergent fiber; par, parenchyma; pf, phloem fiber; phl, phloem; pi, pith parenchyma; PAL, phenylalanine ammonia-lyase; PAL2, phenylalanine ammonia-lyase 2; QTL, quantitative trait loci; RNAi, interfering RNA; scl, sclerenchyma; sfe, seedling ferulate ester mutant; S/G, syringyl-to-guaiacyl monolignol ratio; SuSy, sucrose synthase; xyl, xylem.
Introduction
Forages and crop residues are the primary feedstuffs used for ruminant animal production systems throughout the world, even in the seemingly grain-intense beef and dairy systems of North America. Digestibility of these roughages is variable because of the high concentration of plant cell wall material and generally less than for grains. The concentration of cell wall material in roughages is variable and increases with stage of plant maturity. Lignin concentration also increases with maturation of plants and is associated with reduced cell wall digestibility [1] . Ruminants evolved a complex, multi-compartment reticulo-rumen that provides an optimal environment for the microorganisms that digest cell wall polysaccharides [2] . However, lignification of plant tissues imposes a barrier to complete cell wall polysaccharide digestion in the rumen. Industrial conversion of biomass to ethanol or other fermentation products from the sugars in cell wall polysaccharides suffers from similar constraints due to lignification [3] .
Increasing the digestibility of plant cell walls has been the focus of much research. Fig. 1 illustrates basic plant cell wall structure, and the processes of rumen digestion and biofuel conversion. Chemical pretreatments provide limited (anhydrous ammonia) to large (alkaline hydrogen peroxide) improvements in the digestibility of normally low quality annual crop residues [4] . None of these pretreatments are in regular use, primarily for economic reasons. In contrast, biofuel conversion typically requires harsh pretreatment processing [3] . Plant breeding to improve digestibility has been practiced for many years and resulted in the release of improved varieties [5] . Most of these breeding efforts have been directed at improving total digestibility rather than cell wall digestibility per se. More recently, molecular biology has been utilized to directly target lignification to improve cell wall polysaccharide digestibility in the rumen and for cellulosic ethanol production [6, 7] . In this review we examine the progress achieved in genetic modification of forages and other roughage crops to improve rumen cell wall digestibility. While a short review of plant breeding approaches is included, molecular methods of genetic manipulation are emphasized because they offer greater possibility to specifically modulate gene function and tissue development. New targets for possible manipulation are proposed and differences in useful targets for improved cell wall polysaccharide hydrolysis by ruminants vs. for biofuel production are also discussed (also see Fig. 1 ).
Process and limitations of rumen cell wall digestion
It is necessary to understand the digestion process in ruminants and where limitations exist to critically evaluate the potential utility of modifying crops to enhance rumen digestibility of cell wall polysaccharides. Digestion of roughage cell wall polysaccharides by ruminants consists of four basic steps: particle size reduction of the plant material, enzymatic hydrolysis of the cell wall polysaccharides by the rumen microbial population, fermentation of the saccharification products to short-chain fatty acids, and absorption of the fermentation end-products [2] . Of these processes, the first two are of most concern for identifying targets for plant modification.
Particle size is reduced by mastication when forages are first ingested, and later again when partially digested digesta is regurgitated during rumination for additional chewing. Mastication increases the surface area available for microbial colonization and enzyme access to the cell wall polysaccharides. Compared with hydrolysis of starch, digestion of cellulose and hemicelluloses in the rumen is much slower [8] . Therefore, the ability of the rumen to retain digesta particles for extended periods of time is critical to maximizing cell wall polysaccharide digestion. As digesta particles reach a critical size and density, particles can exit the rumen via the reticulo-omasal orifice to the lower gut. Some additional cell wall polysaccharide digestion occurs in the large intestine; however, little further particle size reduction occurs. While in vitro rumen cell wall digestion is increased when roughages are ground finely, cell wall digestion is often reduced in vivo because digesta particles pass from the rumen more quickly [4] . However, animal performance (weight gain, milk output, wool growth) is usually greater when finely ground roughages are fed. Although quicker passage of digesta from the rumen of finely ground roughages will reduce the extent of digestion of cellulose and hemicelluloses, faster rumen emptying allows greater feed intake, which results in a net increase in digested nutrients. This competition between long rumen retention for maximal cell wall polysaccharide digestion and rapid digesta passage to allow greater roughage intake must be considered when designing the ideal plant for ruminant feeding.
The critical role of particle size reduction by mastication or grinding to cell wall digestion in the rumen is perhaps best illustrated by the observation that rumen bacteria digest plant cell walls starting from the lumen side of the lignified cells [9] . Even with extended incubation times measured in days, a thin lignified wall remains. Therefore, if lignified plant cells are not physically ruptured, it is impossible for rumen bacteria to access potentially digestible interior wall layers in adjoining cells. It has been estimated that approximately one-third of the cells within the typical size grass forage particle leave the rumen without being digested because of their inaccessibility by rumen microbes [10] . In contrast, non-lignified cell walls can be attacked by rumen bacteria from both the exterior and interior, and bacteria can access adjoining cells via digestion of intervening walls [11, 12] . Lignification of cells is under developmental control, and the types and tissues that lignify can vary. For example, legumes contain many tissues (mesophyll, collenchyma, chlorenchyma, secondary phloem, cambium, and protoxylem parenchyma) that never lignify during development whereas only the mesophyll and phloem in grass tissues remain non-lignified at full maturity [13, 14] . Leaves contain higher proportions of these non-lignified tissues than stems.
The rumen microbial population has a multitude of enzymatic activities that digest the complex polysaccharide structures present in plant cell walls. All cell wall polysaccharides are completely digestible when isolated from the wall matrix, but they differ in rate of digestion with cellulose and hemicelluloses being relatively slowly digested and pectins being rapidly digested [8, 15] . These patterns in the rate of digestion for the various polysaccharides are similar during digestion of the wall matrix, with pectins still being more rapidly digested than cellulose and hemicelluloses [13, 16] . However, because pectins reside in the middle-lamella/primary wall of cells and this region is heavily lignified and non-digestible in many tissues, the extent of pectin digestion can be limited because much of the plant pectin is in inaccessible wall layers. Legumes such as alfalfa (Medicago sativa L.) have thick, pectin-rich primary walls (collenchyma, phloem fibers) from which the pectins are extensively digestible [13] , whereas grass cell walls contain little pectin. Non-lignified alfalfa stem tissues are digested rapidly and completely whereas thick-walled, lignified tissues such as xylem fibers show very little digestion by rumen microbes (Fig. 2) . In contrast, lignified and thick-walled maize (Zea mays L.) sclerenchyma tissues are slowly but extensively digested; however, the original primary wall layer remains undigested [9, 16] . The few non-lignified grass tissues are rapidly and completely digested. Fig. 2 . Degradation of cell wall material during 96-h in vitro rumen digestion of maize and alfalfa stems tissues. Phloroglucinol staining highlights location of lignin in maize tissues (a) that undergo extensive thinning by digestion (b), but not complete digestion. Alfalfa tissues remaining after rumen digestion (d) are lignifed and show little evidence of wall thinning, whereas completely digested tissues are non-lignified. Key: cam, cambium; chl, chlorenchyma; col, collenchyma; epi, epidermis; par, parenchyma; pf, phloem fiber; phl, phloem; pi, pith parencyhma; scl, sclerenchyma; xyl, xylem.
Phenotypic and marker-assisted selection
Extensive breeding effort has been directed at forage species to improve in vitro dry matter disappearance (IVDMD). This assay simulates processes taking place in the rumen, an anaerobic digestion phase by rumen microbes followed by acid-pepsin digestion as occurs in the abomasum (the true stomach). This work has led to release of improved cultivars with increased animal performance [5] . Selection for IVDMD does not directly select for enhanced cell wall digestibility because most non-cell wall plant constituents are soluble in the IVDMD assay, which means that these nutrients are by definition 100% digestible. As a result, IVDMD actually selects for a combination of low cell wall concentration and cell wall digestibility. Selecting for IVDMD can be an effective technique for improving overall forage quality, but it is unlikely to be optimal for improving cell wall digestion.
Two approaches have been used to breed for improved cell wall digestibility of roughage crops; (1) selection for altered cell wall concentration and composition and (2) direct selection for in vitro rumen digestion of cell walls. Studies that have selected roughage crops for altered cell wall concentration and composition utilized the detergent fiber analysis system because digestibility is generally correlated with these measures [2] . The detergent system is a gravimetric analysis system based on solubility of cell wall structures and other plant constituents in neutral and acid detergent solutions. Unfortunately, the detergent fiber system has demonstrated inaccuracies relative to the cell wall components that the detergent fractions are assumed to measure [17] . Neutral detergent fiber (NDF) has been used as a surrogate measure for cell wall concentration and is generally similar to actual cell wall concentration for grasses, but under-estimates legume cell wall concentration because pectin is soluble in the neutral detergent solution [17] . A sizeable fraction of the lignin in plant cell walls, particularly for grasses, is soluble in acid detergent solution, which results in acid detergent lignin (ADL) under-estimating lignin concentration [18] [19] [20] . These issues with the detergent system must be kept in mind when evaluating plant genetic modifications based on this analytical platform.
Divergent selection for NDF concentration was successful in maize, smooth bromegrass (Bromus inermis Leyess), and timothy (Phleum pretense L.) [21] [22] [23] . Similarly, selection for decreased acid detergent fiber (assumed to contain cellulose and lignin) was successful in timothy and alfalfa [22, 24] . Lignin concentrations in alfalfa, maize, and timothy were reduced by selection for low concentrations of ADL [22, 23, 25] . Pectin concentration in alfalfa was increased by selection for neutral detergent soluble fiber [26] . But when NDF concentration in smooth bromegrass was reduced by selection against NDF, actual cell wall concentration and composition (measured as Klason lignin and polysaccharide component sugars) were not altered [27] . This suggests that selection for low NDF selected for uncharacterized cell wall structural features in smooth bromegrass that conferred greater cell wall solubility in neutral detergent.
Attempts to select for improved cell wall digestibility have been less frequent. In vitro rumen digestibility of NDF is heritable in grasses and progress from selection has been demonstrated [5] . The nature of the changes in cell wall composition and structure, or shifts in tissue proportions that are responsible for improved NDF digestibility have rarely been investigated. Genetic markers for cell wall traits should provide the opportunity to directly select for genes controlling cell wall development. In a review on improving cell wall digestibility of annual crops, Barriére et al. [28] concluded that marker-assisted selection can accelerate development of cultivars with improved cell wall digestibility once favorable alleles are identified. Quantitative trait loci (QTL) have been identified in maize that correlate with detergent fiber components. Numerous small to large effect (R 2 = 1-32%) QTL for NDF and ADL were found for leaf and stem tissues of maize and sorghum [Sorghum bicolor (L.) Moench] [29] [30] [31] [32] [33] , but few significant QTL for whole maize plants [34] . A few significant QTL have also been identified for NDF and Klason lignin concentrations in Arabidopsis thaliana [(L.) Heynh.] stems [35] . We are aware of only a single report of QTL for nondetergent fiber cell wall concentration and composition traits in the herbaceous portion of a crop (maize stover) [36] , although QTL for maize and soybean [Glycine max (L.) Merr.] seed cell wall components have been reported [37, 38] . The overall conclusion that can be drawn from these studies is that most cell wall related traits have numerous QTL but with small individual effects. As might be expected, QTL for lignin and measures of digestibility have been reported to co-localize [34, 36] . However, there are no literature reports on actual progress in breeding using marker-assisted selection to improve cell wall digestibility.
Manipulation of lignification
Biosynthesis of lignin in plants is catalyzed by a suite of enzymes that convert phenylalanine to hydroxy-and methoxy-cinnamyl alcohols (Fig. 3 ). These alcohols are subsequently transported to the cell wall and incorporated into the lignin polymer by radical-mediated coupling catalyzed by apoplastic peroxidases and laccases [39] . Fig. 3 is adapted from recent flux studies of the lignin biosynthesis pathway [39] [40] [41] [42] [43] [44] . Overall, these and similar studies have shown that lignification is relatively plastic and any number of different phenolic intermediates can become incorporated into the lignin polymer. As a result, mutant and transgenic plants can have similar overall lignin content as wild type plants, but different proportions and types of monolignol components. Extensive research has been done on transgenic manipulation of lignin biosynthesis in numerous plant species, and several comprehensive reviews are available that detail impacts on lignin concentration and composition from reducing activity of individual enzymes in the monolignol biosynthetic pathway using an antisense gene or interfering RNA (RNAi) approach [45] [46] [47] . As with all transgenic modifications, numerous events must be evaluated because the expression of the inserted gene is affected by its position in the genome. In the following discussion we focus only on results for the transgene events that had the greatest impact for each step in the monolignol synthesis pathway. Unfortunately, the actual statistical significance of several quantitative differences reported for lignin concentration and digestibility could not be ascertained because multiple studies reported replicated analysis of bulked plant material rather than true biological replication of the transgenic plants.
Alfalfa and other dicots
Down-regulation of most enzymes involved in monolignol biosynthesis: cinnamate 4-hydroxylase (C4H), hydroxycinnamoyl CoA-shikimate/quinate transferase (HCT), coumarate 3-hydroxylase (C3H), caffeoyl-CoA-3-O-methyltransferase (CCoAOMT), cinnamoyl CoA reductase (CCR), ferulate 5-hydroxylase (F5H), caffeic acid-3-O-methyltransferase (COMT), and cinnamyl alcohol dehydrogenase (CAD) was studied in alfalfa [48] [49] [50] [51] [52] . Reduced activity for all these enzymes, except F5H, resulted in lower lignin concentrations, although the magnitude of the alterations to lignin concentration varied among lignin analysis methods. For example, Klason lignin concentration was reduced by both CCoAOMT and COMT down-regulation, but ADL was only lower for the CCoAOMT events [53] . Lignin composition, and presumably structure, was altered by all of the transgenes with some causing increases (HCT, C3H, CCoAOMT, and CAD) and others resulting in declines (C4H, CCR, F5H, and COMT) for the syringyl-to-guaiacyl monolignol (S/G) ratio. With the exception of F5H, down-regulation of all other monolignol synthesis enzymes resulted in increased digestibility as measured by various assays [48, [51] [52] [53] [54] . Changes in lignin concentration account for most of the improvements in digestibility rather than effects of lignin composition/structure as strong negative correlations were reported for lignin concentration with digestibility, but the S/G ratio was not correlated with digestibility [52, 54, 55] .
Data for transgenic down-regulation of lignin in other dicot species generally follow the alfalfa data. Reduced CCR activity in Arabidopsis resulted in reduced Klason lignin and NDF concentrations, and increased digestibility [56] . Tobacco (Nicotiana tabacum L.) plants down-regulated for phenylalanine ammonia-lyase (PAL) and COMT had reduced Klason lignin concentration, greater syringyl-type lignin content, and greater dry matter and NDF digestibility by cellulase [55] . Manipulating activity of enzymes relatively early in the monolignol pathway (HCT and C3H) resulted in the largest decreases in lignin concentration and the greatest increases in digestibility [54] ; however as discussed later, large reductions in lignin are generally associated with negative impacts on plant growth, development, and/or productivity.
In ruminant nutrition research, in vitro or in situ NDF digestion using rumen microbes is the most common assay for assessing cell wall digestibility. Only one report actually measured rumen cell wall polysaccharide digestibility in low-lignin alfalfa plants, with inconsistent improvements in digestibility for CAD down-regulated plants grown in the greenhouse (increased digestibility) or field (no change in digestibility) [48] . Most evaluations of low-lignin transgenic plants utilized IVDMD measurements of digestibility and, as discussed earlier, this method is susceptible to confounding of digestion with solubility. For example, down-regulation of several monolignol synthesis enzymes improved alfalfa IVDMD but NDF concentration was also reduced, which suggests some of the improvement in IVDMD was due simply to less cell wall material in the transgenic plants [52] . Fungal cellulases have been used to assess NDF digestibility [53] ; however, the extent of NDF digestion by these limited-spectrum enzyme preparations are often substantially less than by the rumen microflora. While we believe that transgenic reduction of alfalfa lignification has improved cell wall digestibility, assessing the magnitude of the response would be more reliable if standard in vitro rumen NDF digestion methods were used.
Down-regulated COMT and CCoAOMT alfalfa lines have been evaluated in livestock feeding trials. Hay intake and in vivo NDF digestibility were greater by sheep fed the reduced lignin hays; however, the response was greater for the COMT down-regulated alfalfa [57] . When the same hays were included as 50% of a mixed forage/grain diet fed to dairy cows, feed intake was not altered for either transgenic event and only the COMT down-regulated line improved in vivo NDF digestibility and milk production [58] . This difference in animal response to the two low lignin transgenics is not surprising because the COMT transgenic line had a greater reduction in lignin concentration than the CCoAOMT line, and also a larger increase in in vitro NDF digestibility.
Grasses
A series of spontaneous (maize) and chemically induced (sorghum and pearl millet [Pennisetum glaucum (L.) R. Br.]) mutations have been identified in annual C 4 grasses that reduce lignin concentration, alter S/G ratio, and improve cell wall digestibility [59] . All of these mutants have a reddish-brown coloration phenotype in the leaf midrib vein and on the lower stem, and are known as brown midrib (bm) mutants. The brown midrib mutants generally improve cell wall digestibility and/or livestock performance [60, 61] . The genetics for the 12 brown midrib mutants identified to date in these three grasses was reviewed by Sattler et al. [62] . The CAD and COMT genes have been identified as responsible for two of the maize (bm1 and bm3, respectively) and two of the sorghum (bmr6 and bmr12, respectively) brown midrib mutants. The rice (Oryza sativa L.) golden hull and internode (gh1) mutant has been shown to be a CAD mutant that slightly reduces both lignin concentration and the S/G ratio, but has not been evaluated for ruminant digestibility [63] . Rice is the only C 3 grass which has been found to have a spontaneous mutation in monolignol biosynthesis. Although rice gh1 appears to be similar to the maize bm1 and sorghum bmr6 mutants because all are CAD mutants, rice gh1 mutants do not exhibit the brownish-red coloration of the leaf midrib observed in these other two species. This variability in coloration phenotype between the maize and sorghum brown midrib mutants and the gh1 rice mutant may explain why brown midrib-type mutants have not been noticed in other C 3 grasses or dicots rather than brown midrib mutants being limited to annual C 4 grasses.
While some varieties of maize, sorghum, and pearl millet containing brown midrib mutants are commercially available to farmers, the number of varieties is very limited. Breeding progress with brown midrib mutations to create maize and sorghum hybrids is laborious because these mutations are recessive and both parents of hybrids must be homozygous for the mutated gene; heterozygous plants have the wild-type phenotype. A transgenic approach to creating functionally dominant brown midrib mutants would avoid this breeding bottleneck. The COMT gene has been transgenically down-regulated in maize [64, 65] . These transgenic maize lines exhibited lower lignin concentration and S/G ratios, and improved in vitro cell wall digestibility similar to what is observed for the spontaneous maize bm3 mutant. Down-regulation of this COMT gene in maize led to changes in the expression of several genes involved in cell wall development, both related and unrelated to lignin biosynthesis [66] . We are puzzled by the fact that there are no commercial transgenic bm3 maize hybrids available given that the mutated gene was identified over 15 years ago [67] , the functionality of the transgenic approach has been clearly demonstrated, and a transgenic bm3 hybrid would not require that both inbred parents be homozygous for the recessive natural bm3 mutation.
Transgenic technology has provided an opportunity to extend down-regulation of monolignol biosynthesis to perennial grasses. Lignin deposition in tall fescue (Festuca arundinacea Schreb.) stems correlated with digestibility and activity of specific enzymes such as CAD and COMT [68] . Two transgenic tall fescue lines expressing a low CAD transcript level and with lower enzyme activity had less lignin content and a lower S/G ratio, and IVDMD was improved by 7-9% over wild-type control lines [69] . Down-regulation of COMT activity in tall fescue resulted in similar positive responses to those reported for the CAD down-regulated lines [70] . Recently, Fu et al. [41] used RNAi technology to down-regulate COMT in switchgrass (Panicum virgatum L.). Some of the transgenic switchgrass lines had greater in vitro digestibility. To date none of these low-lignin transgenic grasses have been tested in livestock feeding trials.
Manipulating cell wall polysaccharides
Although reducing lignin concentration has been the primary goal of efforts to genetically increase cell wall digestibility of roughages, there may be some advantages to modifying the polysaccharides present in the wall (Fig. 1 ). Significant progress has been made in understanding synthesis of cellulose and other cell wall polysaccharides, including identification of genes and their biochemical functions, but much remains to be understood about the regulation of the machinery involved in cell wall synthesis and the interactions among polysaccharide synthesizing protein complexes [71] . So far, altering expression of single genes involved in synthesis of cell wall polysaccharide precursors has had limited success in modifying cell wall composition.
Increasing cell wall pectin content is an obvious target for increasing roughage digestibility because pectins are more rapidly and extensively digested than cellulose or hemicelluloses [13, 15] . A soybean UDP-glucose dehydrogenase gene was transferred into alfalfa in an attempt to increase pectin concentration [72] . It was expected that the greater flux of carbon from glucose to glucuronic acid would lead to further transformation to galacturonic acid, a major backbone chain component of alfalfa pectins. However, instead of observing any increase in the monosaccharide components of pectin, cell wall xylose concentration increased, overall stem cell wall polysaccharide concentration decreased, and lignin concentration increased [72] . The authors concluded that because pectins are composed of multiple monosaccharides arranged in several polysaccharide structures, increasing pectin content is likely to require coordinated increases in multiple pectin precursors. The increase in xylose content is perhaps not unexpected because UDP-glucuronic acid is also a precursor for xylose biosynthesis. Each of the UDP-glucose 4-epimerase genes were disrupted in Arabidopsis and found to reduce cell wall galactose content [73] . Although galacturonic acid content was not measured, disruption of UDP-glucose 4-epimerase might increase the substrate pool for UDP-glucose dehydrogenase and production of UDP-glucuronic acid, a precursor of homogalacturonan (pectin). Because synthesis of pectins requires the coordinated expression of numerous enzymes, it may be possible to regulate the pathway by modifying expression of key transcription factors in the regulatory pathway. However, our knowledge of the regulation of genes involved in cell wall biosynthesis and the biochemical controls of the carbon flow to cell wall polymers is still rudimentary.
Interestingly, reductions in lignin content by down-regulation of 4-coumarate:CoA ligase (4CL) in hybrid poplar (Populus spp.) and Arabidopsis are compensated for by an increase in cellulose content [74, 75] . A reduction in lignin and compensatory increase of cellulose in hybrid poplar is also observed with over-expression of FLOWERING PROMOTING FACTOR 1, which is not directly involved in cell wall development [76] , suggesting that cell wall content can be manipulated through a number of diverse pathways. However, constitutive down-regulation of 4CL is associated with negative effects on plant growth and development [75] .
Increased concentrations of cellulose or other cell wall polysaccharides would increase the amount of potentially digestible carbohydrates in roughages; however, we caution researchers that increased concentration of cellulose does not necessarily imply that polysaccharide synthesis was increased. This is because concentration measurements are proportions; the components must always sum to 100%. Therefore, when one component such as lignin is reduced by down-regulation, then one or more other components such as cellulose must increase proportionally. Verification that polysaccharide biosynthesis has actually been increased requires that multiplication of the polysaccharide concentration of the roughage by the total biomass yield of the plant be greater than in the wild-type plant. Unfortunately biomass yield of genetically manipulated plants is rarely provided.
Impacts on plant fitness
Reduced agronomic fitness (vigor, disease and drought resistance, productivity) has been routinely observed for plants with reduced lignin concentration. The brown midrib mutants in maize, sorghum, and pearl millet have reduced insect resistance, increased susceptibility to lodging, and reduced yield [77] . However, the degree to which negative effects are associated with brown midrib mutations is dependent on germplasm background. Divergent selection for IVDMD in multiple perennial forage species resulted in populations of plants with high and low lignin content [78] . Winter survival was compromised in high IVDMD switchgrass and orchardgrass (Dactylis glomerata L.) populations. Further studies with switchgrass [79] indicated that the relationship between lignin content and survival was only loosely linked, and winter survival improved in high IVDMD populations by imposing selection for survival as an additional breeding criterion.
Among the genes for monolignol biosynthesis, down-regulation of genes earlier in the pathway resulted in both less lignin and greater negative impacts on plant phenotype [51, 52, 54, 56, 80, 81] . Typically, transgenic plants with severe reductions in lignin concentration were shorter in stature, produced less total biomass, and showed changes in sites of lignin deposition based on tissue staining. Xylem vessels were often distorted in shape when lignin concentration was reduced [56, 81, 82] , suggesting that impaired water transport may partially account for the observed dwarfing.
However, it was recently suggested that constitutive activation of defense responses in alfalfa with down-regulated HCT activity may account for the observed plant dwarfing [83] . It was hypothesized that this response occurred due to release of bioactive cell wall polysaccharides from tissues with reduced lignin concentrations. These HCT down-regulated alfalfa plants also had improved drought tolerance, which argues against impaired water transport through irregular-shaped vessels as the cause of dwarfing.
The simultaneous partial down-regulation of CCR and CAD in tobacco plants resulted in significantly reduced Klason lignin content in stems and an increased S/G ratio compared to wild type plants, but growth was not negatively affected under controlled conditions [80] . Lignin deposition in these plants at the cellular and subcellular level was specifically reduced in xylem fiber secondary walls [84] . While aberrant deposition of lignin enriched in non-condensed units and deformed xylem vessels was observed in plants partially down-regulated for CCR, when both CCR and CAD were partially down-regulated, cell shape was near normal and non-condensed lignin was normally distributed. The authors suggest that plants can tolerate large decreases in lignin when decreases are targeted to specific cell types, such as xylem fibers. The research also supports previous observations of cell type specific expression of genes involved in monolignol synthesis.
Alternative targets for manipulation

Novel lignin structures
Because brown midrib mutants have both decreased lignin concentration and altered composition, it was hypothesized that lignin composition as measured by the S/G ratio may partially account for the improved cell wall digestibility of these mutants [1] . Artificially lignified maize walls from cell culture and stems of the Arabidopsis F5H-deficient (fah1) mutant had even larger shifts in lignin composition for normal syringyl and guaiacyl monolignol units than walls in brown midrib mutants, but did not have altered cell wall digestibility [85, 86] . These results support our earlier conclusion concerning low-lignin transgenic plants, namely that reduced lignin concentration and not altered S/G ratio accounted for the observed improvements in digestibility. However, incorporation of various novel synthetic monolignols into lignin formed by the maize cell culture system actually improved cell wall digestibility, although much of the increase probably derived from reduced lignin concentration [87] . In contrast, addition of coniferylaldehyde units into lignin from maize cell culture depressed cell wall digestibility without altering lignin concentration [88] . This latter result is of interest because CAD down-regulation has resulted in the incorporation of coniferylaldehyde units into lignin [89] . However, the reduction in lignin concentration due to CAD downregulation has resulted in modest improvements in digestibility rather than reductions due to incorporation of unusual monolignols [48, 51] .
Studies using isolated cellulose and a model polymer (polyeugenol) for lignin indicated that digestibility is reduced only when polysaccharides are chemically cross linked to lignin [90, 91] . Grass lignin is cross linked to arabinoxylans by ferulate and diferulate molecules that are esterified to arabinoxylan and covalently linked to lignin by ether and other bonds (Fig. 1) [92, 93] . These ferulate and diferulate esters appear to act as initiation sites for lignin polymer growth such that all grass lignin polymers may be cross linked to arabinoxylans [94] . The presence of ferulate cross links restricts cell wall digestibility by enzyme preparations and rumen bacteria independently of lignin concentration in a maize cell culture system [95] [96] [97] . In vitro rumen NDF digestibility was greater for plants with low ferulate cross linking and the relative negative impact of cross linking was twice as great as lignin concentration in several perennial grasses [98] [99] [100] .
The putative seedling ferulate ester (sfe) maize mutant had less lignin/arabinoxylan cross linking by ferulate ethers and had greater in vitro rumen NDF and cell wall polysaccharide digestibility at silage-stage maturity than near-isogenic wild-type maize [101] . Inclusion of sfe maize silage in a typical mixed ingredient diet fed to dairy cows improved in vivo NDF and cell wall digestibility, feed intake, and milk production [102] . Candidate genes involved in feruloylarabinoxylan biosynthesis have been identified [103] [104] [105] [106] , but it is yet unknown whether these genes influence cross linking or cell wall digestibility. Once the relevant genes involved in ferulate cross link formation are identified and cloned, the opportunity exists to improve cell wall digestibility of all grass roughages because ferulates are present in all grasses [107] .
Another approach was used to reduce ferulate cross linking; a fungal ferulate esterase was engineered into tall fescue and specifically expressed in cell walls [108] . The transgenic plants had increased IVDMD. In a follow up study, expression of the fungal enzyme was targeted to specific cellular compartments of fescue plants. Plants expressing the esterase in the Golgi or in cell walls had lower ferulate ester and ether concentrations, and improved IVDMD of leaves [109] . This result supports the conclusion that the complete feruloylarabinoxylan complex is synthesized in the Golgi and exported to the apoplast [110] .
An important difference between grasses and legumes is that while tissues in legumes with thick lignified walls can be only marginally digested by rumen microbes, similar thick lignified walls of grass tissues are extensively degraded, albeit slowly [9, 12] . The reason for this disparity has not been adequately explained. Interestingly, more grass lignin is soluble in acid detergent than observed for legumes and grass lignin has p-coumarate esters attached to syringyl-lignin units [20, 111] . p-Coumaric acid appears to be esterified to sinapyl alcohol prior to incorporation of the conjugate into lignin, and these p-coumarate esters act as terminal pendant groups on grass lignin because the p-coumarates do not react with additional monolignols to extend the polymer [112] . This suggests that p-coumarate esters limit the size of grass lignins and perhaps these smaller lignin polymers are less protective of polysaccharides from enzymatic digestion. Smaller lignin polymers should be more soluble in acid detergent, in agreement with the observation that grasses contain more acid detergent soluble lignin [20] . Alfalfa normally accumulates syringyl-rich lignin in vascular tissues as these tissues mature, but this syringyl lignin does not include p-coumarate esters [13] . A transferase attaches pcoumaric acid to monolignols [113] . Transforming the p-coumaryl transferase gene into alfalfa should result in the inclusion of pcoumarate esters of syringyl lignin that result in smaller lignin polymers which are less inhibitory of cell wall digestion. Downregulation of C3H and HCT results in a large increase in usually rare hydroxyphenyl-lignin units and a small reduction in molecular weight of extractable lignin [114] . Because these transformants have significantly less lignin it was not possible to determine whether the reduction in lignin polymer size was responsible for the increased digestibility.
Gene expression
Transgene constructs used for modifying lignin in alfalfa have used either the cauliflower mosaic virus (CaMV) 35S promoter [48] or the bean (Phaseolus vulgaris L.) phenylalanine ammonia-lyase 2 (PAL2) promoter [49] [50] [51] [52] . Neither promoter is ideal for manipulating target genes to increase forage digestion. The 35S promoter is not a strong promoter in alfalfa compared to other constitutive promoters [115] and expression occurs in multiple organs. In stems, expression of genes driven by the 35S promoter is observed in the epidermis, cortex, phloem, fascicular and interfascicular cambium, and protoxylem. The PAL2 promoter is active in primary xylem of alfalfa stems and petioles and in epidermal cells [50, 82] . It is likely that activity occurs in roots, as has been seen in transgenic tobacco [116] , and because the alfalfa PAL gene is strongly expressed in roots [117] . The impact of reducing lignin in alfalfa roots has not been investigated but could impact plant productivity. Also, expression is likely in flowers because down-regulation of C4H driven by the PAL2 promoter results in loss of anthocyanin in alfalfa flower petals [52] . The promoter may also be induced by pathogens, similar to the alfalfa PAL gene [118] , which could impact a plant's ability to construct lignified barriers to pathogen invasion. Some alfalfa gene promoters are active in xylem, including a truncated promoter from a phospho-enolpyruvate carboyxlase gene [119] and the promoter from a mitogen-activated protein kinase gene [120] , but their expression is not limited to xylem or to stems, which is a drawback.
The ideal alfalfa promoter for lignin reduction/modification would be expressed only in secondary xylem, which is the most recalcitrant tissue to digestion by rumen microorganisms. It would also have stable expression in different genetic backgrounds and environments. Strategies for identifying a promoter for secondary xylem expression include transcriptional profiling from isolated secondary xylem cells [121] or comparative transcriptome profiling between stems in which primary and secondary development is occurring [122, 123] . In Arabidopsis the latter approach resulted in identification of a promoter from a NAC family transcription factor that is specific to secondary xylem in stems and roots [124] . Xylem is composed of secondary thickened tracheary elements and fibers, and non-thickened parenchyma. Reducing or eliminating lignin in fibers may be one means of increasing digestibility without negative effects on productivity, as suggested by research in tobacco [84] . Because cell-specific gene expression patterns have been observed in vascular tissue [122, 125] , it should be possible to identify gene promoters with specific or enhanced expression in xylem fibers to manipulate expression of target genes.
For the most part, attempts to alter lignin content or composition have focused on altering expression of single genes, primarily those involved in monolignol biosynthesis. However, coordinate down-regulation of more than one gene may be needed to minimize metabolic imbalances. Simply crossing two transgenic plants down-regulated for two different lignin biosynthetic genes resulted in unexpected phenotypes in the progeny [126] . In plants for which enzyme activity had returned to levels seen in controls, the authors speculated that expression of the transgenes were suppressed by the wild-type copies or due to use of two 35S promoter sequences. Also, making crosses with transgenic alfalfa in which transgenes are inserted into the same genetic background, will lead to severe in-breeding depression. An alternative approach to crossing or retransformation is the use of a chimeric gene for down-regulation in which the transgene is composed of sequences of two or more target genes using a co-suppression or RNAi approach [127] . This approach was used successfully to down-regulate three lignin biosynthesis genes in tobacco [126] and warrants testing in forage crops.
An alternative means of modifying expression of multiple genes is through altering expression of a regulatory transcription factor. Recent progress in identifying key transcription factors in Arabidopsis and woody species should be extended to forage crops. Regulation of secondary wall synthesis occurs at multiple levels in Arabidopsis [44, 128] ; however, our current understanding is incomplete, as regulation probably occurs at the cellular and subcellular levels that results in the diverse lignification patterns in secondary xylem. Transcription factors in the NAC family regulate secondary wall developmental programming in stems. Lignification in interfascicular and xylem fiber cells is lacking in transformants in which both NST1 and NST3 are disrupted, or when their expression is repressed by RNAi [129, 130] . This severe reduction in lignin results in procumbent stems with dramatically reduced stem tensile strength. Additionally, a NAC transcript factor, ANAC012, negatively regulates secondary cell wall deposition in xylem fibers. Ectopic over-expression resulted in suppressed cell wall thickening and lignification [124] . In Arabidopsis, NST3 regulates MYB family transcription factors, which in turn regulate expression of lignin biosynthetic genes [44, 128] . These regulatory genes are potential targets for expression modification to reduce lignification. Shen et al. [131] have identified, cloned and characterized a switchgrass R2R3 MYB factor that appears to control parts of the lignin biosynthesis pathway. Down-regulation of this gene in switchgrass was accompanied by lower lignin content, changes in p-coumarate-toferulate ratios, and simultaneous improvements in saccharification of biomass. However, practical application of transcription factors will require balancing expression to improve forage digestibility without sacrificing plant structure, possibly through cell-specific expression or developmentally regulated expression.
In addition to transcriptional regulation, transcription factors are subject to complex post-transcriptional and post-translational regulation [132] . Transcript levels of a transcription factor involved in xylem development can be modified by expression of a micro RNA, miR166, in Arabidopsis and poplar [133, 134] . Micro RNA regulation is a pervasive mechanism of gene regulation but this facet of secondary cell wall development has yet to be explored in forage species and may provide additional targets for genetic manipulation for improving forage digestibility. A recent report by Chuck et al. [135] indicated that over-expression of the maize Corngrass1 miRNA in switchgrass leads to interesting developmental outcomes including a juvenile habit, increased accumulation of starch, greater leafiness, and suppression of flowering. Switchgrass plant parts, especially leaves, were more readily saccharified; however, stronger down-regulation of the target genes was accompanied by growth and yield penalties. In Arabidopsis and other plants, groups of interacting transcription factors appear to control secondary cell wall development [129, [136] [137] [138] . Understanding how these transcription factors affect quality parameters in forages will be challenging.
Studies using grass promoters that affect cell walls in grasses have been few, probably due to the difficulty of transforming forage grasses and the availability of the brown midrib mutants. However this is likely to change in the future with the sequencing of the maize and sorghum genomes [139, 140] and identification of transcription factor orthologs that impact secondary cell wall development in switchgrass [141] . Fornale and associates [142] [143] [144] have studied MYB factors (ZmMYB31 and ZmMYB42) that impact lignification in maize and when transgenically overexpressed in Arabidopsis [143] . Over-expression of ZmMYB42 in Arabidopsis reduced transcripts for genes involved in lignin biosynthesis, lowered lignin levels, and improved the digestibility of cell walls from transgenic plants [144] . Specifically, maize MYB31 down-regulated genes involved in lignin biosynthesis, as observed earlier for ZmMYB42, and changed the flux of carbon from lignin synthesis to anthocyanin synthesis [142] . However, plants overexpressing this gene showed a dwarf phenotype and its overall utility in improving digestibility of grasses is unknown.
Tissues and development
Much of the observed variation for rumen digestibility of roughages probably results from differences in cell wall development of tissues and the relative proportions of tissue types among genotypes rather than a change in average composition of cell walls between genotypes. Alfalfa has significant within cultivar variability in tissue proportions related to IVDMD potential [13, 145] .
Smooth bromegrass lines selected for high IVDMD had greater proportions of non-lignified tissues [146] . A comparison of the stem anatomy among switchgrass plants selected for divergent IVDMD showed that there were significant changes in lignified tissue distribution [147] . Most frequently, there was extensive lignification of the cortical sclerenchyma and parenchyma in switchgrass plants with low digestibility as compared to plants from the higher IVDMD population. A collection of these plants also showed differential accessibility by cellulases, indicating that there were differences in cell wall architecture in addition to wall composition [148] . In most cases we can expect that differential expression of transcription factors could be responsible for these changes.
Phloem fibers in alfalfa stems have unusual cell wall development patterns [149] . This tissue develops a thick primary wall that is rich in pectin and also a thick secondary wall rich in cellulose. Only a thin ring of lignin is deposited in the cell lumen edge of the thickened primary wall. All of the non-lignified cellulose-rich secondary walls are digested by rumen microbes and all of the thick primary walls are digested except for the lumen-side edge leaving non-digested, thin lignified wall structures (Fig. 2) [13, 149] . Some xylem fiber cells in alfalfa stems develop a thick, non-lignified wall region on the cell lumen side of the thick, lignified secondary wall present in xylem fiber cells [13] . While the lignified secondary walls were only marginally digested by rumen microbes, the additional non-lignified interior wall regions were completely digested if the cells were ruptured [11] . These are two examples of unique, tissuespecific cell wall structures that result in greater digestibility. If either of these wall development patterns could be expressed by other tissues, it may be possible to increase the overall digestibility of alfalfa and other roughages.
The pith of grass and legume stems is filled with parenchyma tissue when the plants are immature, but in most crops this pith parenchyma senesces and the stems become hollow. Annual C 4 grasses such as maize and sorghum are an exception to this rule as they retain living pith parenchyma until grain maturity. Pith parenchyma cells in these grasses undergo minimal wall thickening and generally become lignified during maturation, although more slowly than the thick-walled rind parenchyma and other tissues [14] . As a result, pith parenchyma remains relatively more digestible than rind tissues even at advanced maturity. Alfalfa plants occasionally retain intact pith parenchyma in stems and the walls thicken slightly and lignify [13] . However, lignification begins in those parenchyma cells closest to the xylem and slowly extends towards the center of the stem. As a result, alfalfa pith parenchyma remains partially digestible for a longer duration during plant development. If roughage species that normally do not retain pith parenchyma tissue at advanced maturity stages could be re-programmed to avoid pith parenchyma senescence, then overall cell wall digestibility of the crop would be enhanced even if lignification was not altered. The impact of such a dramatic shift in plant development on plant fitness cannot be predicted.
Biofuel production
Production of biofuels requires that cell wall polysaccharides be hydrolyzed to free sugars that can be fermented to alcohols. Several processes have been proposed and most include a pretreatment to increase accessibility to cellulose by hydrolytic enzymes [150] . It is the harsh physical, chemical, and/or thermal pretreatment that most differentiates biofuel conversion processes from rumen digestion. One of the most mature of these biofuel processes utilizes dilute acid/high temperature to remove non-cellulosic polysaccharides and modify the lignin in biomass by acid hydrolysis. Cell wall polysaccharide hydrolysis by this high temperature/acid pretreatment and enzymatic saccharification process was reported to be negatively correlated with biomass lignin concentration similarly to that observed for rumen digestion [3] . However, correlations of lignification traits (Klason lignin concentration, p-coumarates esters, ferulate esters and ethers) with polysaccharide hydrolysis in the conversion process for maize stover did not match correlations found for rumen digestibility of the polysaccharides [151] . This lack of correspondence is not surprising because the pretreatment process drastically modifies cell wall structure and composition prior to the enzymatic hydrolysis. Certainly reduced lignification should improve the yield of fermentable sugars from biomass for biofuel production [54, 81] , but relationships between rumen digestibility and lignification cannot be relied upon to correctly identify useful targets for genetic modification. A key feature in the conversion of lignocellulosic biomass is the accessibility of cellulose to cellulases post pretreatment [152] [153] [154] . Because this is an outcome from the complex relationship between biomass composition and chemical pretreatment, it is likely that breeding for improved biomass quality for conversion to fuels will need different targets as compared to improving ruminant digestibility.
Presently, biofuel conversion of hexose-containing polymers (cellulose) can be accomplished more readily than from hemicelluloses and pectins which contain pentose and other non-hexose sugars. Therefore, increasing cellulose content was the focus of several studies. Cellulose increased in a compensatory fashion in some species by decreasing lignin content via down-regulation of 4CL [74, 75] , although whether this phenotype will be retained under field conditions is not clear [155] . Cellulose content and soluble carbohydrates were increased in hybrid poplar by over-expression of a sucrose synthase (SuSy) gene from cotton (Gossypium hirsutum L.) without negative phenotypic changes to the plants [156] . There are no reports of the effect of SuSy over-expression in herbaceous plants and this approach warrants further investigation for bioenergy crops.
It has been suggested that increasing the ratio of water soluble polysaccharides to cellulose in cells walls or modifying side chain constituents of hemicellulose to decrease hydrogen bonding with cellulose may make walls more susceptible to hydrolysis [157] . One strategy to modify composition of hemicelluloses is to up-or down-regulate expression of glycosyltransferases and glycan synthases. However, this approach has had mixed results, most likely because there are isoform-specific properties in each gene family and due to a lack of understanding of the pleotrophic effects of altering expression of a single gene [158, 159] . There are indications that modifying expression of several genes simultaneously may produce the desired phenotype. Arabidopsis xylotransferase double mutant plants lack xyloglucan but grow and develop fairly normally [160] . Modifying cell wall composition in such a complex and dynamic system will require more information on specific gene expression patterns and enzyme activities. Transgene regulation control by a tissue-specific promoter or promoter induction during specific growth stages appears critical to avoid compromising vascular cell integrity and plant development [74, 75] .
Alterations to S/G monolignol ratios could have a stronger influence in the conversion of biomass to biofuels as compared to roughage digestibility in ruminants. The expectation is that lignin composed of more syringyl units will be more effectively removed by pretreatments as is the case for pulping hardwoods (mixed syringyl/guaiacyl lignin) vs. softwoods (guaiacyl only lignin) [46] . This appears to be true for a number of woody species in which increased S/G ratios were correlated to ethanol yields [161, 162] . Data from herbaceous species is less clear. For example, biomass obtained from field grown brown midrib sorghum with CAD (bmr6) or COMT (bmr12) alleles exhibited similar conversion efficiencies into ethanol although their S/G ratios were different [163] . In switchgrass plants divergently bred for IVDMD there was no apparent correlation between S/G ratios and ethanol yields [164] .
Transgenic switchgrass plants with reductions in CAD [165, 166] , COMT [41] , and 4CL [167] activities all display lower lignin concentrations and improved conversion to ethanol. As anticipated, COMT down-regulated switchgrass lines had lowered levels of syringyl units, and displayed significantly greater conversion to ethanol [41] . However, in none of these studies could the impact of altered S/G ratio be separated from simultaneous changes in lignin concentration. Until such non-confounded data are available, the actual impact of S/G monolignol ratio on biofuel conversion will remain unresolved.
Novel monolignol units could be incorporated into lignin to produce plants that are more efficiently converted to biofuels (Fig. 1 ) [112] . Hydroxycinnamates such as ferulic acid can form conjugates with monolignols and these conjugates are incorporated into dehydrogenation polymer lignins in vitro through free-radical reactions. Lignins that include hydroxycinnamate esters can be easily depolymerized using alkali as part of a pretreatment process [112] . Such a process would be useful for biofuels; however, unless the cost of alkali pretreatment drops substantially these types of lignin modifications would have no use in animal feeding. The alkaline and acidic pretreatments envisioned for biofuel conversion systems would negate the benefits of the low ferulate sfe maize mutant discussed earlier because the pretreatments would cleave the ester portion of the lignin/arabinoxylan cross link or hydrolyze the arabinoxylan to free sugars, respectively. But low lignin brown midrib sorghum has greater conversion efficiency than wild-type sorghum [163] .
Conclusions
It has been estimated that over 750 genes could impact plant cell wall synthesis [168] . The bulk of these genes code for various families of proteins involved in polysaccharide biosynthesis and deposition. In contrast, lignin biosynthesis is catalyzed by a smaller number of genes, and typically only one, or at most a few genes within a related gene family actually impact lignin content. These genes have been extensively studied in model systems, and the key genes involved in lignification have been identified in many plants. Therefore, it has been easier to manipulate cell wall lignin content rather than cell wall polysaccharides. Improved cell wall digestibility has been associated with low lignin transgenic plants, but the impact appears to be primarily the result of reduced lignin concentration rather than altered lignin composition. The presence of a diversity of tissues within each plant organ suggests that continued improvement in digestibility of roughages will require greater knowledge of the transcriptional control of tissue distribution within plant organs, and cell wall composition and architecture. Such improvements will also have to maintain inherent plant traits for survival, yield, and stress resistance.
